Uncorrected serum calcium concentration is the first mineral metabolism metric planned for use as a quality measure in the United States ESRD population. Few studies in patients undergoing either peritoneal dialysis (PD) or hemodialysis (HD) have assessed the association of uncorrected serum calcium concentration with clinical outcomes. We obtained data from 129,076 patients on dialysis (PD, 10,066; HD, 119,010) treated in DaVita, Inc. facilities between July 1, 2001, and June 30, 2006. After adjustment for potential confounders, uncorrected serum calcium ,8.5 and $10.2 mg/dl were associated with excess mortality in patients on PD or HD (comparison group uncorrected calcium 9.0 to ,9.5 mg/dl). Additional adjustment for serum albumin concentration substantially attenuated the all-cause mortality hazard ratios (HRs) associated with uncorrected calcium ,8.5 mg/dl (HR, 1.29; 95% confidence interval [95% CI], 1.16 to 1.44 for PD; HR, 1.17; 95% CI, 1.13 to 1.20 for HD) and amplified the HRs associated with calcium $10.2 mg/dl (HR, 1.65; 95% CI, 1.42 to 1.91 for PD; HR, 1.59; 95% CI, 1.53 to 1.65 for HD). Albumin-corrected calcium $10.2 mg/dl and serum phosphorus $6.4 mg/dl were also associated with increased risk for death, irrespective of dialysis modality. In summary, in a large nationally representative cohort of patients on dialysis, abnormalities in markers of mineral metabolism, particularly high concentrations of serum calcium and phosphorus, were associated with increased mortality risk. Additional studies are needed to investigate whether control of hypercalcemia and hyperphosphatemia in patients undergoing dialysis results in improved clinical outcomes.
mortality, although only a minority of such studies has used uncorrected serum calcium, and none have specifically shown an increased risk of mortality in patients with uncorrected serum calcium .10.2 mg/dl. [9] [10] [11] [12] Calcium concentrations are frequently adjusted for serum albumin using a mathematical correction formula in studies investigating relationships between biomarkers of mineral metabolism and outcomes in patients on dialysis, although such correction has been shown to be inaccurate in the ESRD population. [13] [14] [15] Furthermore, it is presently not known whether the threshold for serum calcium associated with higher risk for death varies by dialysis modality. Given that patients undergoing peritoneal dialysis (PD) have lower concentrations of serum albumin compared with patients undergoing hemodialysis (HD) and that serum calcium concentrations are dependent on serum albumin caused by protein binding, the association between uncorrected serum calcium and outcomes may plausibly vary by dialysis modality. 16, 17 We undertook this study using data from patients treated in facilities owned by DaVita, Inc., one of the largest providers of dialysis services in the United States, with three aims: (1) to examine associations of uncorrected serum calcium with allcause and cause-specific mortality in a large cohort of patients undergoing PD or HD, specifically evaluating the QIP serum calcium threshold of 10.2 mg/dl; (2) to compare these associations to those of albumin-corrected calcium with mortality in the same cohort; and (3) to examine the association between serum phosphorus and risk for death given the limited data regarding this association in patients undergoing PD. 18 
RESULTS

Patient Characteristics
Baseline characteristics of the study cohort, stratified by category of uncorrected calcium, are summarized in Table 1 for patients on PD and Table 2 for patients on HD. Irrespective of dialysis modality, patients with calcium $10.2 mg/dl were more likely to be women, were less likely to be Hispanic, had shorter dialysis vintage, and had lower prevalence of diabetes compared with patients with calcium ,8.5 mg/dl. Additionally, patients with higher concentrations of uncorrected serum calcium had higher serum albumin and creatinine and similar concentrations of serum phosphorus.
Similar trends were observed among categories of albumincorrected calcium and uncorrected serum calcium, with the notable exception that there were no differences in serum albumin and creatinine across categories of albumin-corrected calcium ( Supplemental Tables 1 and 2) . Additionally, differences in comorbid disease burden between patients in the highest and lowest categories of calcium were attenuated with stratification by albumin-corrected calcium.
Association of Uncorrected Serum Calcium with Mortality
In unadjusted analyses, the lowest risk for all-cause and causespecific mortality was observed among patients who had time-averaged uncorrected serum calcium concentrations between 9.5 and 10.2 mg/dl ( Table 3 ). The highest risk for death was observed among patients on PD or HD who had unadjusted serum calcium concentrations ,8.5 mg/dl. Mortality was also greater among patients on HD who had unadjusted calcium concentrations $10.2 mg/dl (hazard ratio [HR], 1.21; 95% confidence interval [95% CI], 1.17 to 1.26).
Serum albumin levels markedly confounded associations of uncorrected serum calcium with all-cause and cause-specific mortality ( Table 3 ). Specific adjustment for serum albumin substantially attenuated associations of low serum calcium with each mortality outcome in patients on PD or HD. In contrast, albumin adjustment substantially strengthened associations of high serum calcium concentrations with each mortality outcome. After albumin adjustment, compared with serum calcium 9.0 to ,9.5 mg/dl, calcium $10.2 mg/dl was associated with HRs for all-cause mortality of 1.65 (95% CI, 1.42 to 1.91) and 1.59 (95% CI, 1.53 to 1.65) among patients on PD or HD, respectively. Figure 1 illustrates the continuous relationship between concentrations of uncorrected calcium and mortality in patients on PD or HD before and after adjustment for case mix and serum albumin. Table 4 shows the associations of time-averaged albumincorrected serum calcium with mortality stratified by dialysis modality. In unadjusted analyses, albumin-corrected calcium $10.2 mg/dl was associated with greater risk for death in both patients on PD (HR, 1.35; 95% CI, 1.24 to 1.50) and patients on HD (HR, 1.48; 95% CI, 1.44 to 1.51).
Association of Albumin-Corrected Serum Calcium with Mortality
On adjustment for case mix, the relationship between albumin-corrected calcium and all-cause mortality became U-shaped, with increased risk for death observed for calcium ,9.0 and $10.2 mg/dl (Table 4 ). On additional adjustment for serum albumin, the mortality risk associated with calcium concentrations $10.2 mg/dl was attenuated but remained significant (HR, 1.16; 95% CI, 1.05 to 1.28 for patients on PD and HR, 1.27; 95% CI, 1.24 to 1.30 for patients on HD). Figure 2 shows the U-shaped relationship between concentrations of albumincorrected calcium and adjusted all-cause mortality in patients on PD or HD and juxtaposes these curves with illustrative splines showing the relationship between concentrations of uncorrected calcium and mortality. Low concentrations of albumin-corrected calcium were generally associated with greater adjusted risk for death compared with low concentrations of uncorrected calcium, particularly in patients undergoing HD. In contrast, the relationship between serum calcium and mortality risk was qualitatively similar at calcium levels $10.2 mg/dl irrespective of albumincorrection or dialysis modality. Supplemental Table 3 , A and B presents baseline characteristics of patients on PD and patients on HD, respectively, stratified by categories of time-averaged serum phosphorus. Patients with serum phosphorus $6.4 mg/dl were more likely to have dialysis vintage .2 years, younger, and less likely to have diabetes. There was a trend of higher serum creatinine and parathyroid hormone with increasing concentrations of serum phosphorus.
Association of Serum Phosphorus with Mortality Risk among Patients on PD and HD
In unadjusted analyses, there was an inverse association between serum phosphorus and mortality, with the lowest risk for all-cause mortality in the highest category of serum phosphorus in patients on PD and patients on HD (Table 5) . On adjustment for case mix and serum albumin, a U-shaped relationship was observed, with serum phosphorus $6.4 mg/ dl associated with increased risk for all-cause (adjusted HR, 1.48; 95% CI, 1.34 to 1.63 for patients on PD and HR, 1.50; 95% CI, 1.47 to 1.54 for patients on HD) and cause-specific mortality. 
Sensitivity Analyses
In a set of sensitivity analyses, additional clinical variables known to be associated with outcomes in the ESRD population were added to the case mix plus albumin-adjusted survival model as covariates to assess for residual confounding (total iron binding capacity, serum creatinine, bicarbonate, parathyroid hormone, white blood cell count, lymphocyte percentage, and body mass index.). Additionally, when serum calcium was used as the predictor variable, phosphorus was added as a covariate. Similarly, when phosphorus was used as the predictor variable, serum calcium was added as a covariate. The results of this set of analyses were similar to those obtained from the primary analyses (Supplemental Tables  4-6 ). 
DISCUSSION
The results of this study examining the association of disordered mineral metabolism with mortality in patients undergoing maintenance dialysis allow us to make several novel observations. First, both low and high serum uncorrected calcium concentrations are associated with higher risk for all-cause and causespecific mortality in patients on dialysis. These associations are qualitatively similar in patients undergoing PD or HD. Second, mortality risks associated with abnormal concentrations of serum calcium are strongly influenced by serum albumin. In particular, adjustment for serum albumin substantially attenuates the mortality risk associated with low uncorrected calcium concentrations and strengthens the risk associated with high uncorrected calcium concentrations. Third, irrespective of adjustment or correction for serum albumin, serum calcium $10.2 mg/dl is associated with increase mortality in patients on PD or HD. Fourth, after adjustment for serum albumin plus multiple comorbid conditions, high serum phosphorus is associated with higher mortality, irrespective of dialysis modality. Numerous studies conducted over the past two decades have shown associations between hypercalcemia and higher risk for mortality in patients undergoing dialysis. 7, [19] [20] [21] [22] There are multiple potential mechanisms by which high serum calcium may result in adverse clinical outcomes. These include promotion of vascular calcification, leading to atherosclerotic vascular disease, and alterations in smooth muscle tone, leading to hypertension. [23] [24] [25] Additionally, abnormal concentrations of serum calcium are associated with accelerated apoptosis, impaired phagocytic function, and an attenuated oxidative burst in blood neutrophils, which may contribute to the increased incidence of infection-related complications in patients with ESRD. [26] [27] [28] The threshold of serum calcium at which risk for death is significantly higher has varied considerably in prior studies of patients on dialysis (ranging from 8.7 to 11.4 mg/dl). 4, 29 Our study is the first to specifically examine the all-cause and cause-specific mortality risk associated with uncorrected serum calcium .10.2 mg/dl, a key threshold endorsed by the National Quality Forum, recommended by technical expert panels convened by the CMS, and slated for use as a quality metric by the CMS in its QIP starting in 2016. 8, [30] [31] [32] Patients undergoing maintenance dialysis may have high serum calcium concentrations for a number of reasons. First, hyperparathyroidism is common in ESRD because of phosphate retention, decreased 1,25-dihydroxyvitamin D concentrations, reduced expression of calcium-sensing and vitamin D receptors in the parathyroid glands, and increased resistance to fibroblast growth factor 23. 33 In our study, parathyroid hormone concentrations were high among patients with serum calcium $10.2 mg/dl, suggesting that tertiary hyperparathyroidism may be contributing to high serum calcium concentrations in this group. Second, use of dialysate with calcium concentrations .1.5 mmol/L has been shown to produce net gain in calcium over the course of an HD session and could contribute to hypercalcemia. 34 Third, medications commonly administered to patients with ESRD may promote hypercalcemia; these included calcium-containing phosphate binding agents as well oral and intravenous vitamin D receptor activators. 35, 36 Each of these potential causes of hypercalcemia is potentially modifiable; however, whether identifying and correcting such causes of high serum calcium concentrations improves outcomes is not clear. The optimal method to measure and report calcium in patients on dialysis is also unclear. 37 Given the complexity and cost of measuring the biologically active ionized form of calcium, alternative approaches have long been used to estimate ionized calcium, usually relying on measurement of the total serum calcium with a mathematical correction for serum albumin. 38 However, studies over the last decade have repeatedly shown that the use of correction formulas performs poorly for patients on dialysis, with commonly used correction formulas typically agreeing less well with ionized calcium than the unadjusted total calcium. [13] [14] [15] In our study, all laboratory analyses, including blood testing for serum calcium and albumin concentrations, were performed in the same central laboratory facility over the entire duration of follow-up. This analytic consistency increases the internal validity of our findings and is an important strength of our study.
We found that the relationship between uncorrected serum calcium and mortality was profoundly influenced by the inclusion of serum albumin as a covariate, confirming the presence of significant confounding. This finding is not surprising given that almost one half of circulating calcium is bound to albumin, and individuals with the lowest total uncorrected serum calcium concentrations also have the lowest serum albumin levels. Given that serum albumin has long been noted to be a robust predictor of mortality in patients undergoing maintenance dialysis, much of the increased mortality risk seen in patients with lower serum calcium levels is likely confounded by the association between low serum albumin and increased risk for death. 39 Accordingly, when we accounted for serum albumin concentrations through either statistical adjustment or use of a mathematical correction formula, the association between low calcium and mortality was substantially attenuated. However, the results of our study show that high concentrations of serum calcium, particularly $10.2 mg/dl, are associated with increased risk for all-cause and cause-specific mortality, irrespective of standard or model-based adjustment for serum albumin. This observation is important given that the CMS hypercalcemia QIP measure, which uses a serum calcium threshold of 10.2 mg/dl, does not incorporate albumin correction. In our study, only 5% of patients had serum calcium concentrations $10.2 mg/dl. In most cases, high serum calcium in patients with ESRD is iatrogenic from the use of vitamin D receptor-activating medications and calcium-containing phosphate binders. 21 High serum calcium may also indicate patients with hyperparathyroidism who may benefit from initiation of cinacalcet therapy or parathyroidectomy. Thus, identification of patients on dialysis with extreme values of serum calcium may be useful in triggering important clinical interventions. However, use of a threshold value for total serum calcium as a quality metric does have some limitations. As previously reviewed, there is no clinical trial evidence showing that interventions lowering serum calcium below a prespecified threshold lead to better clinical outcomes in the dialysis population. It is possible that pharmacologic interventions to prevent hypercalcemia, such as reductions in vitamin D doses or institution of calcimemetic agents like cinacalcet, may be associated with adverse outcomes in individual patients. Additionally, in patients with ESRD, serum calcium concentrations reflect a complex interplay between parameters, including serum phosphorus, parathyroid hormone, vitamin D and its associated metabolites, and fibroblast growth factor 23. Given this interplay, focus on a single parameter may obscure the true constellation of factors that is responsible for excess risk for adverse outcomes with mineral and bone disorders in ESRD. 12 Finally, studies in patients with CKD have suggested that total unadjusted serum calcium, like albumincorrected calcium, has poor sensitivity for the diagnosis of both hypo-and hypercalcemia, because it may misclassify as normocalcemic up to 80% of patients with abnormal ionized calcium values and is substantially influenced by serum bicarbonate. 40 Notwithstanding these caveats, our study provides robust evidence that total serum calcium $10.2 mg/dl identifies a group of patients at increased risk for death.
In addition to our findings regarding serum calcium, we observed significantly higher adjusted all-cause and causespecific mortality in patients on PD or HD with serum phosphorus .6.4 mg/dl. We did not, however, observe an increased adjusted risk for mortality with low serum phosphorus concentrations. Like low serum albumin, low serum phosphorus can be seen in patients who have protein-energy wasting or are systemically ill. In our study, although an unadjusted model showed an association between low phosphorus and increased mortality risk, an absence of increased risk after adjustment for comorbid conditions and serum albumin suggests that the unadjusted estimate was subject to confounding. In addition to contributing to vascular calcification, hyperphosphatemia has been shown to correlate with accelerated apoptosis and diminished populations of T lymphocytes. 41 These mechanisms may contribute to the association between high serum phosphorus concentrations and infection-related mortality. Few previous studies have analyzed patients being treated with PD, and none have approached the inclusion of the large number of participants reported in our study. Despite its strengths, our study has several limitations. Although we identified a number of important associations with mortality risk, it is unclear whether they are causal. Additionally, information on comorbidities was ascertained only at the time of the start of dialysis from Medical Evidence Form 2728, an approach that has been shown to underestimate the true burden of coexisting diseases. 42 The use of time-averaged exposures is subject to the risk of reverse causality, where unmeasured factors associated with mortality may alter time-averaged serum mineral levels before an outcome event, contributing to an observed association between exposure and outcome. We were also not able to obtain information on residual kidney function, which has been shown to be an important determinant of mortality risk in patients on dialysis. 43 Furthermore, data regarding patient use of medications that affect calcium and phosphorus metabolism, such as phosphate binders, vitamin D receptor activators, and cinacalcet, were not available for analysis. Mortality risk associated with hypercalcemia may be modified by use or dose of these medications or others. Finally, given the observational nature of our study, there is the possibility of residual confounding by unmeasured variables on the association between the measured biomarkers of mineral metabolism and mortality.
In conclusion, the results of our study show that, in a large nationally representative cohort of patients on dialysis, abnormalities in markers of mineral metabolism, particularly high concentrations of serum calcium and phosphorus, are associated with an increased risk for all-cause and cause-specific mortality. Additionally, the relationship between serum calcium and mortality risk is strongly influenced by serum albumin. However, regardless of adjustment for serum albumin, serum calcium concentrations $10.2 mg/dl identify patients at increased risk for death. These results are of particular importance given the selection of uncorrected calcium .10.2 mg/dl as the serum calcium threshold for the first Medicare ESRD clinical mineral metabolism QIP measure. Future studies should investigate whether aggressive control of hypercalcemia and hyperphosphatemia in patients undergoing dialysis results in improved clinical outcomes.
CONCISE METHODS
Data Sources
This observational cohortstudy uses data ofprevalent and incident patients treated with maintenance HD or PD in DaVita, Inc. dialysis facilities between July 1, 2001 and June 30, 2006 linked to the US Renal Data System (USRDS). The initial cohort consisted of 164,789 patients. The following patients were excluded: age,18 years (n=13,900), missing person-time data (n=2846), unknown or missing data on dialysis modality (n=604), and missing serum calcium or phosphorus (n=18,363). Hence, the final cohort consisted of 129,076 subjects (PD, 10,066 subjects; HD, 119,010 subjects). Patient characteristics of subjects included in the cohort compared with those excluded are reported in Supplemental Table 1 .
Data from DaVita, Inc. were used to determine sex, age, presence of diabetes, weight, height, and dialysis modality for each study participant. The USRDS data were used to determine the date of first dialysis, race/ ethnicity, marital status, smoking status, and seven comorbid conditions at the start of dialysis therapy (atherosclerotic heart disease, including ischemic heart disease, myocardial infarction, and cardiac arrest; congestive heart failure; other cardiac diseases, including pericarditis and cardiac arrhythmia; cerebrovascular disease; peripheral vascular disease; chronic obstructive pulmonary disease; and cancer). The first studied quarter for each patient was the first calendar quarter in which the patient's dialysis vintage was .90 days given that markers of mineral metabolism, including serum calcium and phosphorus concentrations, may fluctuate substantially near the start of dialysis treatment and do not represent steady-state conditions. Additionally, this threshold for inclusion and assignment of dialysis modality has been used in previously published studies comparing outcomes in patients undergoing PD and HD. 7, 11, 44, 45 All laboratory values, including serum calcium and serum phosphorus, were measured using standardized and automated methods in the central DaVita, Inc. laboratory (Deland, FL) within 24 hours of collection. Serum albumin was measured using the bromcresol green method. Time-averaged serum calcium and phosphorus were defined as the average values from up to 20 calendar quarters. Albumin-corrected calcium was calculated as follows: if serum albumin was $4.0 mg/dl, then corrected calcium is equal to serum calcium; if serum albumin was ,4.0 mg/dl, then albumin-corrected calcium=(0.83[4.02measured serum albumin])+measured serum calcium. 46 Follow-up data were available through June of 2007. Information for cause of death was obtained from USRDS data. The Institutional Review Board at the Los Angeles Biomedical Research Institute approved the study as exempt from informed consent.
Statistical Analyses
Data are summarized as means6SDs, medians with interquartile ranges, and proportions as appropriate. Data were complete for age, sex, diabetes, and race/ethnicity. Data for dialysis vintage, serum albumin, phosphorus, alkaline phosphatase, and hemoglobin were missing for ,1% of the patients; serum creatinine, ferritin, total iron binding capacity, white blood cell count, and percentage of lymphocyte count were missing for 1%-2% of patients, and comorbid conditions were missing for 5% of the cohort. Data for body mass index were missing for 7% of the cohort (PD, 42%; HD, 3%), data for primary insurance were missing for 9% of the cohort, data for serum parathyroid hormone were missing for 12% of the cohort, and data for marital status were missing for 21% of the cohort. For continuous variables and comorbid conditions, missing covariate data were imputed as mean or median of the existing values. For each categorical variable, missing covariate data were imputed as a continuous value between zero and one corresponding to the prevalence in patients with complete data. Missing calcium and phosphorus values were not imputed. Survival analyses using Cox proportional hazards were performed to determine the relationship of categories of time-averaged uncorrected serumcalcium,albumin-corrected serumcalcium,and serum phosphorus with all-cause, cardiovascular, and infection-related mortality separately in patients on PD and patients on HD. For calcium, the following clinically relevant categories were used: ,8.5, 8.5 to ,9.0, 9.0 to ,9.5, 9.5 to ,10.2, and $10.2 mg/dl. For phosphorus, the following categories were used: ,4.5, 4.5 to ,5.4, 5.4 to ,6.4, and $6.4 mg/dl. Referent categories for calculation of hazards ratios were serum calcium of 9.0 to ,9.5 mg/dl and serum phosphorus of 4.5 to ,5.4 mg/dl. For all survival analyses, three levels of adjustment were examined: (1) unadjusted; (2) case mix-adjusted for demographic and clinical characteristics, including age, sex, diabetes, race/ethnicity, primary insurance, smoking, body mass index, marital status, dialysis vintage category (,6 months, 6 months to 2 years, 2-5 years, and .5 years), and seven comorbid conditions; and (3) case mixand serum albumin-adjusted. For the unadjusted model and the case mix plus serum albumin model, restricted cubic splines with three degrees of freedom were constructed to illustrate the relationships between uncorrected and albumin-corrected serum calcium and all-cause mortality.
Survival analyses and logistic regression were performed using SAS, version 9.3 (SAS Institute Inc., Cary, NC). Splines were constructed using Stata, version 13 (StataCorp., College Station, TX).
